Summary. We studied the immunoglobulin response to individual viral polypeptides in experimental primary and secondary infection with herpes simplex virus (HSV)-1 in mice. After a single footpad inoculation with pfu of HSV-1, immunoglobulin to proteins mol. wts (lo3) 44 and 75 appeared on day 7. Antibodies to gB, gC, gD, 42 x lo3-and (48-52) x 103-mol. wt proteins appeared on day 11 and antibody to the major capsid protein, VP154, appeared on day 15 after infection. The secondary immune response was characterised by early production of antibody to gD on day 3 followed by antibodies against the 42 x lo3-and 44 x 103-mol. wt proteins on days 4 and 5 respectively. Antibodies to glycoprotein gC and gB were delayed until day 7 of the secondary immune response. In both primary and secondary immune responses the responses against proteins of mol. wts (lo3) 42 and 44 were particularly intense and of high titre. We conclude that the kinetics of anti-polypeptide antibody appearance is markedly asynchronous ; and that the anti-glycoprotein responses occur too late in primary infection to contribute to viral clearance.
Introduction
The serum antibody response in experimental herpes simplex virus (HSV)-1 models appears as early as day 3 or as late as day 12 in various reported studies (Knotts et al., 1974; Rosenberg and Notkins, 1974; Oakes, 1975 ; Zaia et al., 1975 ; Rager-Zisman and Allison, 1976; Morahan et al., 1977 Morahan et al., , 1981 . In our previous work with the footpad route of infection, footpad virus titres begin to decrease substantially 7 days after inoculation with virus (McKendall, 1985) . Serum antibody activity is detectable 7-1 0 days after infection by neutralisation assay (McKendall and Baringer, 1981) and 1-2 days earlier by ELISA or radioimmunoassay. Because the serum antibody titres would be expected to lag behind the levels of antibody produced locally in tissues, it is possible that the earliest antibodies produced during natural infection might contribute to the decline in viral titres. Furthermore, different HSV-1 polypeptides differ in their immunogenicity and in the amount of protein synthesised and presented to the immune system during infection. Therefore, the kinetics of the antibody response to the individual polypeptides would be expected to be incoordinate. It would be of interest to know which viral polypeptides were the targets of the early antibody response.
Among the many viral peptides known, the glycoproteins (gPs) are of interest because they appear to be biologically important targets of antibody and immune responses. Monoclonal antibodies to gPs are reported to be protective in vivo (Dix et al., 1981 ; Balachandran et al., 1982; Rector et al., 1982; Kumel et al., 1985) . Immunisation with purified gPs or synthetic peptides of gPs is protective (Berman et al., 1985; Dix and Mills, 1985; Eisenberg et al., 1985) . Thus, if anti-gP antibody were produced sufficiently early in infection, an important biological antiviral role would be plausi ble.
We were interested, therefore, to define the kinetics of the antibody response to the individual HSV-1 polypeptides and to identify the protein targets of antibody produced early in infection, particularly around day 7 after infection when viral titres in footpad begin to decline markedly. To accomplish this we employed a sensitive immunoblotting procedure which allows detection of antibody to as many as 33 HSV-1 polypeptides including many proteins besides the glycoproteins (McKendall et al., 1987) .
Materials and methods

Virus
HSV-1 (Heitzman) was originally isolated from a patient with pharyngitis. The virus isolate was typed as HSV-1 by neutralisation kinetics, and by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) polypeptide pattern with isotopically labelled proteins.
Mice and immunisation procedure
BALB/c mice (Simonsen, Gilroy, CA, USA) 1-5-month old males, were used in all experiments. For the primary immune response, mice were given 4 x lo5 pfu of HSV-1 in the footpad and serum was pooled from groups of three mice bled retro-orbitally at intervals up to day 22 after infection. To study secondary immune responses, an adoptive transfer model was used. Donor mice were immunised with 2 x lo3 pfu of HSV-1 by footpad followed by intraperitoneal (ip) doses of 2 x lo5 pfu, 1 x lo6 pfu and 5 x lo7 pfu at 2-4 week intervals. One month after the last dose, donor spleens were harvested and prepared as a single cell suspension. After washing three times in cold PBS, a viable cell count in fresh trypan blue (0.16% w/v in saline) was performed. Four-month-old recipient mice were given 5.5 x lo7 viable immune spleen cells ip; controls received 5.5 x lo7 non-immune spleen cells from age-and sex-matched donors. One day later recipients were given 4 x lo5 pfu of HSV-1 in the footpad. Serum was pooled from groups of three mice which were bled at intervals up to day 7.
Preparation of infected cell-lysate proteins
Lysates were prepared according to methods described in the preceding paper (McKendall et al., 1987) . Briefly, human diploid lung fibroblasts, MRC-5, were grown to confluency and infected with HSV-1 at a multiplicity of 10 pfu/cell. Cells were harvested when the CPE was 4 + , usually after 24 h. The infected cells were suspended in lysate buffer containing SDS 0.1 % w/v, Triton-X-100 1% v/v and deoxycholate 1% w/v, pH 6.8, 0 . 5~ NaC1, and frozen at -70°C until used. Lysates contained 4-5 mg total protein/ml.
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
SDS-PAGE was performed according to the standard procedure of Laemmli (1970) . The details of sample preparation and protein concentration have been described (McKendall et al., 1987) . Briefly, an 8.5% w/v acrylamide resolving gel cross-linked with bisacrylamide or DATD and a stacking gel of 3.5% w/v bisacrylamide were employed. An important detail of the procedure is PETTIT AND W. WOO that HSV-1 -infected cell-lysate proteins for these studies were loaded at a concentration of 11 ,ug/well in wells 4 mm wide x 0.75 mm thick. Electrophoresis was performed at 15 mA constant current on gels 0.75 mm thick by 14 cm long and gels were electroblotted.
Western blotting of HSV-1-infected cell polypeptides
The conditions for optimal transfer of HSV-1-infected cell-lysate polypeptides by Western blotting have been previously described (McKendall et al., 1987) . Transfer of proteins to the nitrocellulose paper was accomplished electrophoretically by use of Tris-glycine buffer with methanol 20% v/v as described by Towbin et al., (1979) . Transfer was done with a Transphor apparatus (Hoefer Co, San Francisco, CA, USA) at 25 V, 0.2 A overnight.
Detection of antibody to HSV-1 polypeptides by immunoblo t ting
The conditions and sensitivity of our immunoblotting procedure have been described in the preceding paper (McKendall et al., 1987) . The procedure includes a blocking step with bovine serum albumin (BSA) 3% w/v, renaturation with Triton-X-100 0.5% v/v, and treatment with a second antibody consisting of affinity purified 251-labelled sheep anti-mouse Ig (Amersham, Arlington Heights, USA). Bands for experiments reported in this paper were detected by autoradiography with Kodak XAR film and exposures ranging from one to 12 days.
Results
Kinetics and composition of antiviral immunoglobulin response during primary infection
Mice were inoculated with 4 x lo5 pfu of HSV-1 in the footpad. Pooled sera from cohorts of infected mice were harvested at intervals after virus inoculation. Before virus inoculation, mice had been bled and the pooled sera shown to be without HSV-1 neutralising activity. The collected sera were subjected to immunoblotting and fig. 1 shows the pattern of polypeptide reactivity which they contained. On days 1-5, several background bands were found which are non-specifically present in non-immune serum from mice and other species, including man and rabbits (McKendall, unpublished observation) . On day 7, the earliest virusspecific immunoglobulin responses were found. These were directed against proteins of mol. wts (lo3) 75 and 44. Reactivity to both proteins intensified later. On day 1 1 several additional bands of reactivity .appeared including antibody to gC and gB in the mol. wt (lo3) range 120-130, intense reactivity to a protein of mol. wt 42 x lo3 and weak reactivity to gD and to an unidentified protein in Fig. 1 . HSV-1 polypeptides recognised by serum taken from mice at intervals after a primary immunising dose of 4 x lo5 pfu of HSV-1. Strips of Western blots containing HSV-1 polypeptides separated by SDS-PAGE were probed with mouse serum taken from day 1 to day 22 after virus challenge. After washing, strips were then probed with '251-labelled sheep anti-mouse Ig. The autoradiograph strips are labelled according to the day serum was harvested. For comparison, a positive control immune mouse serum (IMS) is provided. Solid arrowheads indicate the earliest day on which antibody reactivity was detected for each viral polypeptide. See text for explanation of other symbols. the mol. wt (lo3) range 48-52. On day 15 antibody to the last of the major proteins appeared, antibody to the capsid protein of mol. wt 154 x lo3. On day 22, and perhaps on day 15, there was a band with an apparent mol. wt of c. 52 x lo3 ( fig. 1 , open arrow head). Serum taken earlier showed much fainter reactivity to this band which was considered to be a background band, possibly representing antibody to vimentin, a cell cytoskeletal protein, whose published mol. wt is 52x lo3. Thus the earliest protein targets of immunoglobulin were not the major glycoproteins, and some of the most intense antibody reactivity was noted against proteins of low mol. wt (44 x lo3 and 42 x lo3). It should also be noted that there is no antibody to gE which appears not to be a major immunogenic glycoprotein during primary infection.
Titre of antibody to individual polypeptides in the primary immune response
We next studied the convalescent serum from day 22 after virus infection to determine the relative titre of antibody to each individual viral protein. Serum dilutions from 1 in 50 to 1 in 100 000 were immunoblotted (table) Proteins gB, gC, gD, and proteins of mol. wts (lo3) 44 and 42 were all detected at serum dilutions up to 1 in 20 000; these were clearly the most immunogenic proteins based on this criterion. VPl54, the capsid protein, was detectable at a dilution of 1 in 1600 and the protein of mol. wt 75 x lo3 was seen at a dilution of 1 in 800. Thus, although antibody to the glycoproteins appeared later than antibody to the proteins of mol. wts (lo3) 44 and 75, equally high titres were ultimately achieved.
Kinetics and composition of antiviral an tibody response during secondary infection
To determine if the antibody responses to the proteins of mol. wts (lo3) 44 and 75 would precede anti-gP responses during a secondary immune response, we employed an adoptive transfer model. This was used because circulating antiviral antibody from previous primary infection would mask or neutralise, or both, the challenge dose of virus. Donor mice were immunised with four doses of live HSV-1. Donor spleens were harvested and an injection of whole spleen suspension containing 5-5 x 10' splenocytes was given intraperitoneally to histocompatible mice. Non-immune spleen from age-and sex-matched donors which were not immunised was adoptively transferred as a control into histocompatible recipient mice. Mice were then challenged with 4 x lo5 pfu of HSV-1 by footpad inoculation and pooled serum from cohorts of both groups of recipient mice was studied by immunoblotting . Fig. 2 shows the immunoblotting reactivity of the serum from these mice. The polypeptide specificity of the antibody that appeared earliest was that of anti-gD immunoglobulin detected on day 3 after virus challenge. Production of anti-gD antibody intensified strongly on days 4, 5 and 7. The next antibodies detected were against the proteins of mol. wts ( lo3) 44 and 42. These appeared on day 4 and intensified but more slowly than antigD antibody. Finally of antibodies to the major viral proteins, anti-gB/gC appeared very faintly on day 5 and more intensely on the 7th day. In addition antibodies to some minor low-mol. wt proteins were observed on day 7 (open arrows) as well as a diffuse area of faint reactivity between gD and gB/gC. For comparison, the reactivity pattern of serum from mice immunised with three doses of live virus is provided in lane HIMS and shows fundamentally the same major proteins in addition to some minor ones. Thus the secondary immune response was led by anti-gD significantly before other antibodies appeared and also contained a prominent early response to the proteins of mol. wts ( lo3) 44 and 42. The controls which received non-immune spleen showed no HSV-1 specific reactivity until day 7 when an early response to the proteins of mol. wts ( lo3) 44 and 42 was seen, as in the primary immune response shown in fig. 1 .
Comparison of primary and secondary immune responses
For visual comparison, the differences between primary and secondary infection have been displayed in fig. 3 according to the time of earliest appearance. Anti-gD was most noticeable in the secondary response, appearing on day 3 whereas it appeared on day 11 in the primary response. Antibody to the 42 x 103-mol. wt protein was found nearly as early. Antibody to 44 x 1 03-mol. wt protein was least accelerated being only 2 days earlier in the secondary response. However the 44 x 103-mol. wt protein remained among the earliest targets in the secondary and primary responses. Antibody to the capsid protein, VP154, was not seen in the secondary response up to and including day 7, but may have appeared later.
Discussion
The immunoglobulin response to HSV-1 polypeptides has been shown to be strikingly asynchronous in the times of appearance of antibody to the individual proteins. The gPs are not the targets of the early antibody produced during primary infection and the appearance of anti-gB, -gC and -gD at day 11 is much too late for these antibodies to have an important role in virus clearance. Even assuming that some anti-gP antibody may be available 1 or 2 days before the appearance of detectable serum titres, anti-gP antibody could not account for any of the footpad virus clearance which occurs 5-7 days after footpad inoculation.
Other studies have also found significant variation in the kinetics of the different anti-polypeptide Time after virus challenge (days) Fig. 2 . Autoradiographs of immunoblots showing HSV-1 polypeptides recognised by antibody produced during a secondary immune response. Mice were adoptively immunised with immune whole spleen cells and then challenged with 4 x 10' pfu of HSV-1 one day later. Serum was taken on days 1, 2, 3,4, 5 and 7 after virus challenge. The immunoblot strips are numbered according to the day on which serum was harvested. Control mice were adoptively immunised with non-immune whole spleen cells and then challenged with 4 x 10' pfu of HSV-1. As a positive control hyperimmune HSV-1 serum was also immunoblotted (HIMS). Major bands of reactivity are designated by letter or apparent mol.wt; minor bands are indicated by open arrowheads.
responses. Mann and Hilty (1982) found antibodies to the 159 x lo3 and 152 x 103-mol. wt proteins on day 9, to the 125 x lo3 and 63 x 103-mol. wt proteins on day 14 and to the 132 x 103-mol. wt protein on day 25. The later appearance of antibodies in their study than in ours may be related to their use of the immunoprecipitation assay. Studies by Eberle and Mou (1983) and Eberle et al. (1985) found variation between patients in polypeptides recognised by acute and convalescent sera collected during pri- In the latter two studies, some of the differences between patients may have been due to the asynchronous responses we have observed coupled with different timesof collectionof sera. In addition, other factors such as virus burden and individual differences in immunoresponsiveness among patients probably contribute to the variation in antipolypeptide responses reported. The basis of the variable and asynchronous responses appears to be complex and has not been thoroughly investigated. The antibody responses to the proteins of molwts (lo3) 44 and 75 as early as day 7 raises the possibility that they could contribute to an antiviral effect. However, there are no data available which determine whether these two proteins are biologically important targets of the immune response. Our laboratory has observed that the 75 x 103-mol. wt protein is an important protein recognised by hyperimmune mouse serum. The protein is not recognised by non-immune mouse serum and immune mouse serum does not recognise a similar protein in uninfected cell-lysate blots (McKendall et al, 1987) . Therefore, the 75 x 103-mol. wt protein appears to be of virus not cell origin. One possibility is that it might be a precursor form of another major immunogenic protein, possibly a non-glycosylated form of gC. If so, the antibody to the 75 x 103-mol. wt protein might be biologically active in neutralisation or in antibody-dependent cytolytic processes. However, the identity of this protein has not yet been conclusively determined and, therefore, the importance of the early antibody response is unclear.
The identity of the 44 x lo3-mol. wt protein is more certain. Antibody responses to proteins with mol-wts (lo3) in the range 34-49 have been previously recognised as a prominent component of human humoral responses by Eberle's group (Eberle and Mou, 1983; Eberle et al., 1984 Eberle et al., , 1985 and by Bernstein et al. (1984) . Eberle et al. (1985) further showed that the (34-49) x 103-mol. wt proteins were bound by monoclonal antibody ID4, which is known to recognise a nucleocapsid protein of mol. wt 40 x lo3 present in infected cells (Zweig et al., 1980; Heilman et al., 198 1 ; Preston et al., 1983) . The anti-p40 response has been found to be the earliest anti-polypeptide response in some studies of human sera. Eberle et al. (1985) found anti-p40 antibody in acute phase sera in four of eight patients with primary HSV-1 infection and also in some patients with primary HSV-2 infections (Eberle et al., 1984 (Rector et al., 1982) . What mechanisms are involved and how biologically important they may be remains to be determined in future studies. 
